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SUMMARY 

A f t e r  considerable p re l imina ry  a n a l y s i s  o f  t h e  p u l s a t i l e  

v i scous  f l o w  i n  f l e x i b l e  tubes,  a l a rge - sca l e  p u l s a t i n g  f l o w  sys- 

t e m  has been c o n s t r u c t e d  and va r ious  s imula t ed  arteries of 1-inch 

i n s i d e  diameter have been t e s t e d  under vary ing  c o n d i t i o n s  of  p u l s e  

ra te ,  p r e s s u r e  l e v e l ,  and pu l se  p r e s s u r e  us ing ,  f i rs t ,  v a r i o u s  

mixtures  of water  and g l y c e r o l  and, f i n a l l y ,  whole steer b lood  as 

t h e  f l u i d .  The o s c i l l a t o r y  i n t r a -a r t e r i a l  p r e s s u r e s  w e r e  recorded  

by p r e s s u r e  t r ansduce r s  which w e r e  a t t a c h e d  t o  bo th  s t a t i c  and  

t o t a l  p r e s s u r e  probes i n  the flow i t s e l f ,  and t h e s e  are compared 

w i t h  measurements of t h e  s y s t o l i c  and d i a s t o l i c  p r e s s u r e s  w h i c h  

w e r e  o b t a i n e d  by the c l i n i c a l  a u s c u l t a t o r y  technique ,  u s ing  a 

stethoscope and a specially designed p r e s s u r e  chamber. I n  addi-  

t i o n ,  s imultaneous measurements w e r e  made of a r t e r i a l  w a l l  d i s -  

placements and t h e  v e l o c i t y  of t h e  p u l s e  wave a long  t h e  tube .  

The s imula t ed  system has  exhibited many of t h e  q u a l i t a t i v e  f e a t u r e s  

of a l i v i n g  human s u b j e c t ,  a n d  t h e  e n t i r e  spectrum of characteris- 

t i c  Korotkoff sounds was produced i n  t h e  a r t e r y .  

The t e s t  r e s u l t s  i n d i c a t e  t ha t  t h e  s y s t o l i c  p r e s s u r e  as 

determined w i t h  a sphygmomanometer i s  c o n s i s t e n t l y  h i g h e r  t han  

t h e  peak i n t r a - a r t e r i a l  pressure by  an amount which depends on 

t h e  s t i f f n e s s  and t h i c k n e s s  of the a r te r ia l  w a l l .  The a u s c u l t a -  

t o r y  d i a s to l i c  p r e s s u r e  reading ,  however, may be e i t h e r  h i g h e r  or 

l o w e r  t h a n  t h e  minimum i n t r a - a r t e r i a l  p r e s s u r e ,  depending pr i -  

mar i ly  on t h e  p u l s e  rate., This r e s u l t  i s  independent of whether 

t h e  f o u r t h  o r  f i f t h  phase of t h e  Korotkoff sounds i s  used as an 
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i n d i c a t i o n  of d i a s t o l i c  pressure. 

w h o l e  steer blood are i n  agreement w i t h  those  us ing  w a t e r  and 

g l y c e r o l  f o r  t h e  same condi t ions .  Measured a r t e r i a l  w a l l  d i s -  

placements and wave v e l o c i t i e s  are i n  approximate agreement w i t h  

theory except dur ing  t r a n s i e n t  changes i n  mean p r e s s u r e  level .  

The a u s c u l t a t o r y  r ead ings  wi th  
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T h e  work t o  be d i scussed  here has  been c a r r i e d  on a t  Vidya, 

a Div i s ion  of I t e k  Corpora t ion ,  i n  Palo A l t o ,  C a l i f o r n i a ;  and it 

has been j o i n t l y  sponsored,  f irst  by the U .  S ,  A i r  Force and more 

r e c e n t l y  by NASA. The work i s  concerned w i t h  an i n v e s t i g a t i o n  of 

the precise meaning ( f r o m  an  eng inee r ing  s t a n d p o i n t )  o f  t h e  

s o - c a l l e d  sys to l i c  and d i a s t o l i c  b lood  p r e s s u r e s  o r d i n a r i l y  

measured by a phys ic i an  us ing  the a u s c u l t a t o r y  t echn ique .  I n  

practice,  these b lood  p r e s s u r e  measurements are made by app ly ing  

a pneumatic c u f f  t o  the p a t i e n t ' s  upper a r m  and i n f l a t i n g  the c u f f  

by means of a hand pump u n t i l  there  is  no p u l s e  i n  t h e  r a d i a l  

a r te ry  a t  the w r i s t .  T h e  phys i c i an  then  applies a stethoscope t o  

the b r a c h i a l  ar tery j u s t  below the c u f f  and s t a r t s  t o  decompress 

the c u f f  slowly, As he decompressess a t  some p r e s s u r e  l eve l ,  he 

beg ins  t o  hear a f a i n t  t apping  sound ( f i rs t  phase of  the Korotkoff 

sounds)  and a t  t h i s  p o i n t  he reco rds  the p r e s s u r e  as the s y s t o l i c  

p r e s s u r e  r ead ing .  As the cu f f  p r e s s u r e  is  reduced f u r t h e r ,  the 

sound changes i n  character (second p h a s e ) ,  becomes clearer and 

H e a d ,  Hemodynamics S e c t i o n  
S ta f f  S c i e n t i s t  

* 
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increases i n  i n t e n s i t y  ( t h i r d  phase) , t h e n  f ades  r a t h e r  suddenly 

( f o u r t h  p h a s e ) ,  and f i n a l l y  d isappears  a l t o g e t h e r  ( f i f t h  p h a s e ) .  

The p r e s s u r e  corresponding t o  t h e  c e s s a t i o n  of  sounds i s  cus to-  

m a r i l y  recorded by t h e  phys ic ian  as t h e  d i a s t o l i c  p r e s s u r e  read-  

ing .  F igure  1 shows a q u a l i t a t i v e  p l o t  of t h e  c u f f  p r e s s u r e  and 

the Korotkoff sound i n t e n s i t y  (as hea rd  i n  the stethoscope) as 

f u n c t i o n s  of t i m e  dur ing  t h e  decompression of  the c u f f .  S t a r t i n g  

a t  t h e  l e f t ,  a t  zero  t i m e ,  i s  t h e  occ luding  p r e s s u r e ,  a t  which 

p o i n t  t h e r e  is  no f low through t h e  tube  and hence,  no sound is 

produced. Now, according t o  Er langer  e l ] ,  a t  some p o i n t  below the 

occ luding  p r e s s u r e ,  a par t  of t h e  f l u i d  passes through t h e  tube  on  

each  c y c l e  and impacts on the downstream s t a t i o n a r y  f l u i d ,  t he reby  

producing a w a t e r  hammer and a consequent sound. I n  a d d i t i o n ,  how- 

e v e r ,  t h e  sound must r a d i a t e  i n  t h e  r a d i a l  d i r e c t i o n  and is  a t t e n -  

ua t ed  a t  a r a t e  t h a t  depends on t h e  v i s c o s i t y  of t h e  f l u i d .  The 

sound i s  then  p icked  up by the  a r t e r i a l  w a l l ,  which responds a t  

i t s  n a t u r a l  frequency, and it is a combination o f  t h e s e  sounds 

which i s  hea rd  i n  t h e  s te thoscope .  Beyond t h e  f i r s t  phase,  t h e  

sound then  i n c r e a s e s  i n  i n t e n s i t y  and, as shown on the l o w e r  d i a -  

gram o f  the f i g u r e ,  it reaches a peak i n t e n s i t y  a f t e r  which a sud- 

den drop-off occurs  ( t h e  fou r th  p h a s e ) ,  a t  which p o i n t  some phy- 

s i c i a n s  t a k e  t h e  d i a s t o l i c  reading.  A t  a s t i l l  lower p r e s s u r e ,  

t h e  sounds d isappear  e n t i r e l y ,  going below t h e  t h r e s h o l d  o f  audi-  

b i l i t y ,  and t h i s  is  the f i f t h  phase ,  w h i c h  is  u s u a l l y  t aken  as t h e  

d i a s t o l i c  p r e s s u r e  reading .  ( T h i s  p o i n t  w i l l  be d i scussed  l a t e r . )  

S i n c e  t h e  a r t e r i a l  w a l l  responds a t  i t s  n a t u r a l  f requency,  it 
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Seems c l e a r  t h a t  i f  the natural  frequency of the a r t e r i a l  wall  i s  

below the audible l eve l  of  about 20 cycles per second, it w i l l  be 

d i f f i c u l t  t o  hear the Korotkoff sounds. This i s  typ ica l  of young 

chi ldren and of pa t i en t s  i n  hypothermia. 

The purpose of the present invest igat ion is t o  determine the 

r e l a t ionsh ip  ( i f  any) between the blood pressure readings obtained 

by the auscultatory technique and the ac tua l  o s c i l l a t o r y  i n t r a -  

a r t e r i a l  pressures t h a t  exis ted i n  the vessel before the cuff was 

applied.  According t o  the medical l i t e r a t u r e ,  the s y s t o l i c  pres- 

s u r e  reading corresponds t o  the peak of t h i s  o s c i l l a t o r y  pressure,  

and the  d i a s t o l i c  pressure corresponds t o  the m i n i m u m  of t h i s  

o s c i l l a t o r y  pressure.  

Now, i n  order t o  understand the problem a t  hand, we must  f i r s t  

attempt t o  determine the  c u f f  pressure required t o  s top  the o s c i l -  

l a to ry  flow i n  the a r t e ry .  A s  a f i r s t  s t ep ,  then, l e t  us consider 

the pressure required t o  occlude the  f l e x i b l e  tube with no flow 

i n  it a t  a l l .  According t o  the  theory of e l a s t i c  s t a b i l i t y  [2] 

excess of the i n t e r n a l  

of the  tube i s  given by 

the c r i t i c a l  pressure,  pcr, required ( i n  

pressure i n  the tube) for  i n i t i a l  buckling 

where E i s  the e l a s t i c  modulus of the tube, h/R i s  the wall  

thickness-to-radius r a t i o ,  and Q i s  Poisson’s r a t i o  for  the tube 

mater ia l .  However, a higher pressure i s  c l e a r l y  required t o  br ing 

the  d i a m e t r i c a l l y  opposite sides of the tube together.  The analysis  
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of Halphen [3] and more r e c e n t l y  of  McIvor [4] i n d i c a t e  t h a t  t h i s  

p r e s s u r e  i s  given by 

p = 1 . 7 5  pcr 

and a s t i l l  h igher  p r e s s u r e ,  for  which t h e r e  i s  no theory a t  

p r e s e n t ,  i s  r e q u i r e d  t o  co l l apse  t h e  tube  e n t i r e l y .  The c r o s s  

s e c t i o n s  of  t h e  f l e x i b l e  tube  a t  v a r i o u s  a p p l i e d  e x t e r n a l  p r e s -  

s u r e s  are i l l u s t r a t e d  i n  Figure 2 .  For complete c o l l a p s e ,  a s  

shown a t  t h e  extreme r i g h t ,  t h e  c l a s s i c a l  t h e o r e t i c a l  method f o r  

s o l v i n g  such buckl ing  problems f a i l s  because of  t h e  non l inea r  

c h a r a c t e r  of t h e  problem a s s o c i a t e d  w i t h  l a r g e  deformations and 

a p p r e c i a b l e  bending moments. Even t h e  s o l u t i o n  of t h i s  problem, 

however, would a t  best y i e l d  only t h e  occ luding  p r e s s u r e  f o r  a 

t u b e  wi th  no o s c i l l a t o r y  f low i n  it. The t h e o r e t i c a l  determina- 

t i o n  of  t h e  a u s c u l t a t o r y  s y s t o l i c  and d i a s t o l i c  p r e s s u r e s  i s  con- 

s i d e r a b l y  more complicated,  a n d  no t h e o r e t i c a l  a n a l y s i s  has  y e t  

b e e n  a t tempted ,  

A n  exper imenta l  approach is pursued h e r e  by u s e  of  a s imula t ed  

system i n  which c o n t r o l  of each of  t h e  parameters  can be accom- 

p l i s h e d  independent ly .  Of course,  i n  r e s o r t i n g  t o  a s imula t ed  

system, one must observe t h e  r u l e s  of proper  modeling o r  s c a l i n g  

of  t h e  system i n  o r d e r  t o  ob ta in  meaningful r e s u l t s .  I n  o t h e r  

words, t h e r e  should be dynamic s i m i l a r i t y  be tween t h e  s imula t ed  

system and t h e  a c t u a l  phys io log ica l  system. For the present prob- 

l e m ,  t h i s  involves  matching t h e  Reynolds number based on mean 

flow, t h e  Reynolds number based on frequency and t h e  r a d i u s  of  t h e  



t u b e ,  t h e  r a t i o  of  the mean p res su re  l e v e l  t o  the e las t ic  modulus 

of the tube ,  the r a t i o  of the p u l s e  p r e s s u r e  or  p r e s s u r e  amplitude 

t o  the mean p r e s s u r e ,  the w a l l  th ickness- to- rad ius  r a t i o ,  the 

n a t u r a l  f requency o f  t h e  tube,  and P o i s s o n ' s  r a t i o  f o r  t h e  tube  

material. I n  a d d i t i o n ,  i f  t he  material i s  v i s c o e l a s t i c ,  as we 

know n a t u r a l  ar ter ies  t o  be, t hen  one should  also match t h e  dynamic 

e l a s t i c  modulus compared with t h e  s t a t i c  e l a s t i c  modulus. S ince  

most of t h e  above parameters a r e  n o t  a c c u r a t e l y  known f o r  t h e  

human b r a c h i a l  a r t e r y ,  the emphasis i n  the p r e s e n t  i n v e s t i g a t i o n  

i s  on the v a r i a t i o n  of each of the non-dimensional parameters over  

a wide range cover ing  t h e  p h y s i o l o g i c a l  range of i n t e r e s t  i n s o f a r  

as it i s  known. For t h e  i d e a l i z e d  model s t u d i e d  here, gum rubber  

tub ing  i s  used t o  r e p r e s e n t  t h e  a r t e r y ,  and t h e  f l u i d  i n i t i a l l y  

i s  r e p r e s e n t e d  by a combination of w a t e r  and g l y c e r o l  a t  vary ing  

c o n c e n t r a t i o n s  i n  o r d e r  t o  vary t h e  v i s c o s i t y  of the f l u i d  and 

t h e r e b y  the Reynolds numbers of  t h e  f l o w .  Experiments u s ing  real  

blood w i l l  be d i scussed  la ter .  

The exper imenta l  apparatus  i s  shown schemat i ca l ly  i n  F igure  3 .  

The appa ra tus  is  a closed loop system i n  which t h e  t e s t  f l u i d  is  

f e d  f r o m  the r e s e r v o i r  through the c i r c u l a t i o n  pump t o  the p u l s e  

g e n e r a t o r  s e c t i o n .  W i t h  the pu l se  g e n e r a t o r  o p e r a t i n g ,  periodic 

p r e s s u r e  p u l s e s  a r e  imparted t o  t h e  t e s t  l i q u i d  w h i c h  t hen  d i v i d e s  

i n t o  two branches.  These two branches r e p r e s e n t  (1) the tes t  

a r t e r y  and ( 2 )  t h a t  part  of the human system t h a t  i s  n o t  closed 

o f f  when the o s c i l l a t o r y  f l o w  i n  the a r t e r y  is c u t  o f f  by appli- 

c a t i o n  of the p r e s s u r e  c u f f .  I n  order t o  avoid  mutual i n t e r f e r e n c e  
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of the p r e s s u r e  waves i n  the two branches ,  t h e  t e s t  s e c t i o n  and 

the bypass  have separate venous r e t u r n  l i n e s  t h a t  connect  back 

t o  the reservoir. The gum rubber " a r t e r y "  i s  10  feet  long and 

has a nominal i n s i d e  diameter  of 1 inch  and a w a l l  t h i c k n e s s  o f  

1/16 inch .  

A f t e r  t h e  exper imenta l  appara tus  had been  assembled, t h e  f i rs t  

f u t i l e  attempts t o  produce the Korotkoff sounds by us ing  a phy- 

s i c i a n ' s  pneumatic c u f f  led t o  a re-examination of E r l a n g e r ' s  work 

done i n  1916 [l]. 

a large-volume p r e s s u r e  chamber, p r o p e r l y  scaled up t o  ou r  system, 

w a s  r equ i r ed .  The volume of a i r  i n  the chamber must be above a 

From E r l a n g e r ' s  w o r k ,  it became apparent  t ha t  

c e r t a i n  minimum va lue  r e l a t ive  t o  the s i z e  of t h e  a r t e r y ,  and the 

diaphragms used i n  t he  chamber t o  compress t h e  a r t e r y  must be 

s u f f i c i e n t l y  f lexible  t o  p e r m i t  a p r e s s u r e  p u l s e  t o  pass through 

the a r t e r y .  I n  a d d i t i o n ,  t h e  p re s su re  chamber must n o t  impose any 

a r t i f i c i a l  c o n s t r a i n t s  on the a r t e r y  a t  the ends of the chamber. 

An exploded view of the r e s u l t i n g  p r e s s u r e  chamber i s  shown 

i n  F igu re  4 ,  w h e r e  on ly  the parts of the l o w e r  s e c t i o n  of the 

chamber are i d e n t i f i e d  s i n c e  the upper and l o w e r  s e c t i o n s  are 

i d e n t i c a l .  The top and bottom parts of the p r e s s u r e  chamber are 

e s s e n t i a l l y  open hardwood boxes w i t h  o u t s i d e  dimensions 

18 X 1 2  X 2 inches.  A rubber  "0" r i n g  g a s k e t  i s  imbedded i n  the 

w a l l  of t h e  box t o  provide  a s e a l ,  and a t h i n  rubber  diaphragm 

covers  the opening of each  box. A p l a s t i c  f r a m e  1 inch  thick i s  

placed over  each diaphragm as shown i n  the f i g u r e .  The p las t ic  
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frames have semi-circular openings i n  t h e i r  opposite ends t o  per- 

m i t  the  a r t e r y  t o  pass f r e e l y  through the pressure chamber so 

t h a t  t he  chamber does not exert any a r t i f i c i a l  "end ef fec ts ' '  on 

the  a r t e ry .  

Using t h i s  pressure chamber, our consulting physician,  

D r .  David Bruns*,  who is a cardiovascular s p e c i a l i s t ,  was able  

t o  hear  the e n t i r e  spectrum of Korotkoff sounds and obtain the 

associated s y s t o l i c  and d i a s to l i c  pressure readings.  

noted t h a t  an auscul ta tory gap could be produced a t  e i t h e r  very 

high pulse  r a t e s  and/or high mean pressure leve ls ,  and changes i n  

q u a l i t y  and in t ens i ty  of the Korotkoff sounds o rd ina r i ly  associated 

with such c l i n i c a l  conditions as hypertension and a o r t i c  insuf-  

f ic iency could be produced by changes i n  the flow conditions o r  

i n  the a r t e r i a l  wal l .  Now, since the auscul ta tory readings do 

depend t o  some degree upon the audi tory acui ty  of the individual  

observer,  each of the observers f o r  the present  experiments was 

t r a ined  by D r .  Bruns  t o  recognize and dis t inguish the sounds a t  

the onset  of the Korotkoff sounds ( s y s t o l i c  pressure)  and a t  the 

fourth and f i f t h  phases (d i a s to l i c  pressure) .  A l l  readings w e r e  

made by a t  least  two observers, and agreement within 5 mm Hg was 

obtained i n  a l l  cases. 

It was 

Since the  present invest igat ion i s  made t o  compare the aus- 

cu l t a to ry  pressure readings with d i r e c t  pressure readings ins ide  

A s s i s t a n t  Cl in ica l  Professor of Medicine, University of Cal i fornia ,  * 
San Francisco. 
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the  a r t e r y ,  the instrumentation fo r  determining the ac tua l  o s c i l -  

l a tory  pressure i n s i d e  the tube becomes important, Figure 5 

shows a pressure t raverse  mechanism which cons is t s  of a pressure 

probe mounted i n  such a way that  it can be moved r a d i a l l y  inside 

the  tes t  a r t e ry ,  by means of a micrometer adjustment, t o  any 

v e r t i c a l  locat ion r e l a t i v e  t o  the f ixed t ab le .  The frame on which 

the probe i s  mounted is  the same frame t h a t  clamps the pressure 

chamber i n t o  place (see Fig .  7 )  and insures t h a t  both measurements 

a re  made a t  the  same a x i a l  locat ion i n  the tube. The measurements 

made with t h i s  t raverse  mechanism indicated t h a t  there  was no 

appreciable va r i a t ion  of pressure with r a d i a l  pos i t ion  through the 

tube.  Thus, a f ixed probe i n s t a l l a t i o n  was designed and used i n  

a l l  the  tests.  B u t ,  i n  order t o  make the measurements required 

t o  compare the auscul ta tory readings with d i r e c t  readings,  the 

pressure probes must  be cal ibrated i n  t h e i r  proper invironment, 

For the  present  problem t h i s  i s  of no minor concern, s ince a t  

very low Reynolds numbers a n  impact t u b e  may not read the ac tua l  

impact pressure,  because of viscous d iss ipa t ion  ahead of the s tag-  

nat ion point .  I n  addi t ion,  we have an o s c i l l a t o r y  flow i n  which 

the probe may be subject  t o  a time lag.  And f i n a l l y ,  over p a r t  

of the cycle the probe w i l l  be operating i n  reverse flow, so  t h a t  

it w i l l  read the pressure i n  i t s  own wake, which may be less than 

free-stream pressure.  Therefore, i n  order t o  c a l i b r a t e  f o r  a l l  

these e f f e c t s ,  a spec ia l  ca l ibra t ion  r i g  (Fig. 6 )  was designed 

and constructed.  A s imi la r  r i g  was o r ig ina l ly  used f o r  steady flow 
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by  Hurd, Cheske, and Shapiro [5] . 
it has  been adapted f o r  unsteady effects  and f o r  r e v e r s e  f low over  

t h e  probe. This device  is  simply a r o t a t i n g  arm on which t h e  

probe t o  be used i s  mounted and is  immersed i n  an annular  t a n k  

c o n t a i n i n g  the tes t  f l u i d .  The a r m  can be r o t a t e d  a t  v a r i a b l e  

speeds and a c c e l e r a t i o n s  by means o f  a f a l l i n g  weight .  The i n s t a n -  

taneous speed of r o t a t i o n  is recorded by monitor ing t h e  shadow of  

t h e  spoke f a l l i n g  on a pho toce l l ,  and from t h i s  r e c o r d  t h e  ve loc-  

i t i es  and a c c e l e r a t i o n s  can be c a l c u l a t e d .  The p r e s s u r e  r ead ing  

from t h e  probe i s  recorded  s imultaneously and i s  compared wi th  t h e  

known p r e s s u r e  head given by the  depth of t h e  probe b e l o w  t h e  s u r -  

face of l i q u i d .  These probe c a l i b r a t i o n  tes ts  for  b o t h  v i scous  

and a c c e l e r a t i o n  e f f e c t s  i n d i c a t e d  a maximum error o f  2 percent 

f o r  t o t a l  p r e s s u r e  and 1 percent fo r  s t a t i c  p r e s s u r e  over  t h e  range 

of  the p r e s e n t  tests. Hence, t h e s e  errors w e r e  neg lec t ed  and the 

measured probe r ead ings  w e r e  taken as  c o r r e c t  w i t h i n  t h e  accuracy 

wi th  which t h e  b lood  p r e s s u r e  readings  could be made. 

But f o r  t h e  p r e s e n t  e x p e r i m e n t s ,  

I n  the p r e s e n t  tests,  two pressure probes w e r e  mounted down- 

stream f r o m  ( i .e. ,  d i s t a l  to) t he  p r e s s u r e  chamber, as shown i n  

F igu re  7.  One probe measures s t a t i c  ( l a t e r a l )  p r e s s u r e  and the 

o t h e r  t o t a l  ( s t a g n a t i o n )  pressure i n s i d e  t h e  tube  a s  a f u n c t i o n  

of t i m e .  These f i x e d  probes were i n s t a l l e d  approximately on the 

a x i s  of the tes t  a r t e r y  by i n s e r t i n g  them from the bottom of  t h e  

tube  i n  o r d e r  no t  t o  d i s t u r b  the  tube  dur ing  p u l s a t i o n .  The pres- 

s u r e  o u t p u t s  f r o m  t h e  probes a re  recorded on an o s c i l l o g r a p h  by 
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the use  of battery-powered t r ansduce r s .  A check of t h e  p r e s s u r e  

r ead ings  ob ta ined  w i t h  these probes a g a i n s t  readings  ob ta ined  a t  

the l o c a t i o n  of t h e  pressure chamber showed t h a t  t h e  error i n  

p r e s s u r e  l e v e l  and p u l s e  amplitude w a s  less t h a n  2 p e r c e n t .  There 

w i l l ,  of cour se ,  a l so  be a phase s h i f t  due t o  the downstream loca-  

t i o n  o f  t h e  probes ,  b u t  t h i s  is of no concern f o r  t h e  p r e s e n t  

i n v e s t i g a t i o n .  

The v a r i a b l e - s t r o k e  p i s t o n  arrangement shown i n  F igure  8 i s  

provided  w i t h  an a i r  chamber which separates the a c t u a l  working 

f l u i d  from the d r i v i n g  mechanism. The p i s t o n  i t s e l f  i s  mounted on 

a r o l l i n g  diaphragm for  q u i e t  ope ra t ion .  The p r e s s u r e  i n  t h e  

chamber is a d j u s t e d  t o  g i v e  a f i n e  c o n t r o l  on t h e  volumetr ic  d i s -  

placement and t h e  p u l s e  pressure amplitude.  The main  purpose of 

t h i s  chamber i s  t o  provide  a means of o b t a i n i n g  a l a r g e  p u l s e  

p r e s s u r e  ampli tude wi th  a smal l  volumetr ic  displacement .  

The a c t u a l  experiments  t h a t  w e r e  c a r r i e d  o u t  can perhaps best 

be i l l u s t r a t e d  by a brief d e s c r i p t i o n  of the t e s t  procedure.  The 

r e s e r v o i r  h e i g h t  is  f irst  ad jus t ed  t o  g i v e  t h e  r e q u i r e d  mean p res -  

s u r e  l e v e l  i n  t h e  ar tery.  Then t h e  s t r o k e  of t h e  p i s t o n  is  a d j u s t e d  

t o  o b t a i n  t h e  d e s i r e d  p u l s e  p re s su re  ampli tude,  and t h e  p u l s e  gen- 

erator  appara tus  i s  a d j u s t e d  fo r  motor speed t o  o b t a i n  the d e s i r e d  

p u l s e  rate., The p r e s s u r e  i n  the a i r  chamber, w h i c h  separates the 

a c t u a l  t e s t  f l u i d  f r o m  the pulse  pump, is a d j u s t e d  t o  g i v e  a f i n e r  

c o n t r o l  on the vo lumet r i c  displacement  and  the p u l s e  p r e s s u r e  a m p l i -  

t u d e  and w a v e  shape. It  should be noted t h a t  a l l  the  exper imenta l  

data p resen ted  here are f o r  a s i n u s o i d a l  p u l s e  wave. 
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Analyt ical  expressions re la t ing  the pulse wave ve loc i ty  t o  

the o s c i l l a t o r y  pressures and wall displacements i n  f l ex ib l e  tubes 

have been derived using the theore t ica l  work of Womersley [6] and 

of Morgan and Kiely [7] . 
re la t ionships ,  the pulse  wave veloci ty  was measured i n  the t e s t  

Therefore, i n  order t o  check these 

a r t e r y  by using two photocel ls  t o  follow the wall  displacement of 

the tube  a t  two a x i a l  locations as functions of t i m e .  (The wave 

ve loc i ty  is determined from the phase difference between the two 

photocel l  outputs .  ) 

The auscul ta tory pressure measurements are  made by t ra ined 

engineers by pressurizing the pressure cuff with the gas b o t t l e ,  

applying the  stethoscope snugly t o  the simulated a r t e ry  j u s t  d i s t a l  

t o  the pressure cuf f ,  and recording the pressures  observed on the 

manometer when the f i r s t  and f i f t h  phases of the Korotkoff sounds 

occur. The osci l lograph record cons is t s  of two photocel l  outputs 

(giving wal l  displacements), t w o  pressure t races  ( for  the i n t r a -  

a r t e r i a l  p ressures) ,  and one timing pulse fo r  frequency de te rmina -  

t i ons .  The v iscos i ty  of the t e s t  f l u i d ,  and the  radius of the 

a r t e r y  as a function of the mean i n t e r n a l  pressure,  are  a l so  deter-  

mined j u s t  p r i o r  t o  the actual tests.  From these inputs ,  the 

s t a t i c  and t o t a l  pressures i n s i d e  the a r t e r y  are  obtained as  func- 

t i ons  of t i m e ,  the  wave veloci ty  is  calculated,  and f i n a l l y  the 

unsteady Reynolds number R2 (w/v)  is  determined. 

The r e s u l t s  of our experiments a re  shown, i n  p a r t ,  i n  Figure 9 

fo r  a 1-inch diameter, gum rubber simulated a r t e r y  of 1/16 inch 

wal l  thickness .  This f igure i s  a p l o t  of the s y s t o l i c  pressure 
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r ead ings  (ob ta ined  by t h e  a u s c u l t a t o r y  technique)  d iv ided  by t h e  

maximum o s c i l l a t o r y  s t a t i c  ( l a t e r a l )  p r e s s u r e  i n  t h e  tube .  This 

r a t i o  i s  p l o t t e d  as a func t ion  o f  t h e  parameter  R V T v -  where R 

i s  t h e  mean tube  r a d i u s ,  w t h e  p u l s e  frequency, and v t h e  

f l u i d  k inemat ic  v i s c o s i t y .  T h i s  parameter w a s  shown i n  t h e  ana lyses  

o f  Womersley [6] and o f  Morgan and Kie ly  

parameter; and it is  s e e n  t h a t  t h e  r a t i o  p l o t t e d  i n  F igure  9 is 

r e l a t i v e l y  independent of the Reynolds number based  on frequency , 
b u t  i s  c o n s i s t e n t l y  h ighe r  than  u n i t y ,  meaning t h a t  t h e  s y s t o l i c  

p r e s s u r e  reading  i s  c o n s i s t e n t l y  h i g h e r  t h a n  t h e  a c t u a l  maximum 

s t a t i c  p r e s s u r e  i n  the tube .  This i s  i n  accordance w i t h  our  ear l ier  

s t a t emen t s  r ega rd ing  t h e  buckl ing p r e s s u r e  r e q u i r e d  t o  collapse 

t h e  t u b e  i t s e l f .  This  p o i n t  is  i l l u s t r a t e d  f u r t h e r  by t h e  f a c t  

t h a t  w e  made tests w i t h  a t h i c k e r  w a l l  t u b e  ( l /8  inch  w a l l ) ,  as 

i n d i c a t e d  by t h e  square  p o i n t s  on t h e  p l o t ,  and h e r e  ob ta ined  

s t i l l  h i g h e r  s y s t o l i c  readings  f o r  t h e  s a m e  f low c o n d i t i o n s ,  as 

expec ted .  

[7J t o  be a fundamental 

The corresponding r e s u l t s  f o r  t h e  d i a s t o l i c  p r e s s u r e  are shown 

i n  F igu re  10. H e r e  we have t h e  r a t i o  of  t h e  d i a s t o l i c  p r e s s u r e  

reading  t o  the minimum o s c i l l a t o r y  s t a t i c  p r e s s u r e .  Unlike the 

s y s t o l i c  r e s u l t s ,  w e  do n o t  see a c o n s i s t e n t  t r e n d  w i t h  t h e  Reynolds 

number based  on frequency. I n  f a c t ,  the r a t i o  h e r e  is  seen  t o  be 

h i g h l y  frequency-dependent; t h a t  i s ,  i f  t h e  p a t i e n t  has a v e r y  l o w  

p u l s e  ra te ,  he may i n d i c a t e  a very h igh  d i a s t o l i c  p r e s s u r e  r ead ing .  

O n  t h e  o t h e r  hand, i f  he  has a high p u l s e  r a t e ,  he  may i n d i c a t e  a 
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very  low d i a s t o l i c  p r e s s u r e  reading f o r  the same flow c o n d i t i o n s .  

(The approximate range o f  unsteady Reynolds number f o r  t h e  human 

b r a c h i a l  a r t e r y  is  i n d i c a t e d  by t h e  shaded r eg ion  of  t h e  p l o t . )  

Because of t h i s  somewhat p e c u l i a r  behavior  w i t h  unsteady Reynolds 

number , we i n v e s t i g a t e d  t h e  p o s s i b i l i t y  t h a t  we should have taken  

the d i a s t o l i c  reading  a t  the f o u r t h  phase r a t h e r  than  a t  t h e  f i f t h  

phase of  t h e  Korotkoff sounds. Some runs w e r e  r e p e a t e d ,  t a k i n g  

t h e  f o u r t h  phase as t h e  d i a s t o l i c  r ead ing ,  and one of  t h e s e  p o i n t s  

is  i n d i c a t e d  by t h e  half-shaded c i rc le .  Other r e p e a t  runs  ( a t  

v a r i o u s  mean p r e s s u r e s  and f r equenc ie s )  i n d i c a t e d  t h a t  t h e  s i t u a -  

t i o n  was n o t  e s s e n t i a l l y  improved, and t h e r e  seems t o  be no funda- 

m e n t a l  d i f f e r e n c e  i n  t h e  frequency dependence whether t h e  f o u r t h  

o r  f i f t h  phase is t aken  except ,  of  cour se ,  t h a t  t h e  f o u r t h  phase 

g i v e s  c o n s i s t e n t l y  h i g h e r  readings  than  t h e  f i f t h .  

An obvious q u e s t i o n  i n  regard  t o  t h e  foregoing  r e s u l t s  i s  

whether o r  no t  t h e y  are app l i cab le  t o  r e a l  b lood .  It i s  r e c a l l e d  

t h a t  t h e  t e s t  f l u i d  w a s  a combination of water  and g l y c e r o l  t o  pro-  

v i d e  a wide range of v i s c o s i t y .  I n  o r d e r  t o  check t h e  g e n e r a l i t y  

of  t h e s e  r e s u l t s ,  we considered t h e  p o s s i b i l i t y  of modeling t h e  

red blood cel ls  by means of p l a s t i c  o r  g l a s s  beads ,  b u t  decided 

t h a t  t h e s e  w e r e  n o t  a s a t i s f a c t o r y  r e p r e s e n t a t i o n  of t h e  red cel ls  

f o r  t h i s  problem, s i n c e  t h e  d i f f u s i o n ,  r e f l e c t i o n ,  and a b s o r p t i o n  

of  sound would be q u i t e  d i f f e r e n t  f o r  such  s o l i d  p a r t i c l e s  t han  

f o r  the a c t u a l  f l e x i b l e  red c e l l s .  Therefore ,  we r e s o r t e d  t o  the 

u s e  o f  r e a l  blood.  However, s i n c e  our  system r e q u i r e s  250 g a l l o n s  
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of f l u i d ,  we  w e r e  fo rced  t o  confine t h e  b lood  t o  the t e s t  s e c t i o n  

i t s e l f ,  and t h i s  w a s  done by i n s t a l l i n g  t o y  ba l loons  a t  e i t h e r  

end of the tes t  s e c t i o n .  On one s i d e  af the ba l loon  is  t h e  b lood  

and on the other s i d e  (and throughout t h e  rest o f  t h e  system) i s  

w a t e r .  Before t h i s  system w a s  used i n  a c t u a l  t es t  runs ,  it w a s  

t e s t e d  b o t h  wi th  t h e  same f l u i d  and w i t h  t w o  d i f f e r e n t  f l u i d s  on 

the t w o  s i d e s ,  t o  i n s u r e  t h a t  t he  presence  of the b a l l o o n s  d i d  n o t  

a f f e c t  the a u s c u l t a t o r y  readings.  W e  t hen  re - ran  s p e c i f i c  cases 

us ing  f r e s h  steer b lood  i n  the s imula ted  a r t e r y .  

w e  had t h e  assistance of two medical t e c h n i c i a n s  from t h e  Palo Alto- 

S tan fo rd  Hosp i t a l .  Fresh  steer b lood  w a s  ob ta ined  each  morning. 

Then, a t  the end of each  day, the  system w a s  s t e r i l i z e d  i n  a 

special u l t r a - v i o l e t  l i g h t  chamber, a f t e r  b e i n g  thoroughly scrubbed 

w i t h  H a e m o s o l  and r i n s e d .  Hematocrit r ead ings  and sed imenta t ion  

r a t e s  w e r e  taken fo r  t h e  blood used, and we  found e s s e n t i a l l y  a 

ze ro  sed imenta t ion  ra te  w h i c h  is t y p i c a l  of steer b lood ,  and w h i c h  

s i m p l i f i e d  t h e  t e s t i n g ,  s i n c e  no s t i r r i n g  w a s  r e q u i r e d .  The hema- 

t o c r i t  averaged about 45 pe rcen t ,  and t h e  s p e c i f i c  g r a v i t y  w a s  

1.06. 

For t h e s e  tests,  

R e s u l t s  f o r  t h e  rea l  blood ob ta ined  i n  t h i s  manner are shown 

by t h e  s o l i d  symbols i n  t h e  p l o t s  o f  s y s t o l i c  and d i a s t o l i c  pres- 

s u r e  r a t i o s  a g a i n s t  unsteady Reynolds number (see F igs .  9 and 1 0 ) .  

It is  seen  t h a t  t h e  r e s u l t s  f o r  r ea l  blood are i n  e s s e n t i a l  agree-  

ment w i t h  those  ob ta ined  us ing  combinations o f  water  and g l y c e r o l .  
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The conclus ions  from t h i s  exper imenta l  i n v e s t i g a t i o n  are t h a t  

(1) t h e  s y s t o l i c  and d i a s t o l i c  p r e s s u r e  readings  as ob ta ined  by 

the a u s c u l t a t o r y  technique are n o t ,  i n  g e n e r a l ,  the same as the 

a c t u a l  s y s t o l i c  and d i a s t o l i c  p r e s s u r e s  ob ta ined  by direct  i n t r a -  

a r t e r i a l  p r e s s u r e  probes, ( 2 )  the s y s t o l i c  p r e s s u r e  reading  ob ta ined  

by the a u s c u l t a t o r y  technique  is  c o n s i s t e n t l y  h i g h e r  t h a n  the peak 

p r e s s u r e  i n  the tube ,  because o f  the p r e s s u r e  r e q u i r e d  t o  collapse 

t h e  tube  i t s e l f .  The degree t o  which it i s  t o o  h igh  depends on the 

s t i f f n e s s  and t h i c k n e s s  o f  the  a r te r ia l  w a l l ,  and does n o t  appear 

t o  be frequency-dependent, (3 )  the a u s c u l t a t o r y  d i a s t o l i c  p r e s s u r e  

r ead ing  may be e i t h e r  too high or  too low, depending s t r o n g l y  on 

the p u l s e  rate ( t h i s  conclusion i s  independent of whether the f o u r t h  

o r  f i f t h  phase i s  used fo r  the  d i a s t o l i c  p r e s s u r e  r e a d i n g ) ,  and (4) 

t h e  r e s u l t s  us ing  real  steer blood are i n  e s s e n t i a l  agreement wi th  

t h o s e  ob ta ined  us ing  water  and g l y c e r o l  a s  the blood f l u i d .  

it should  be mentioned tha t  our v e l o c i t y  and w a l l  displacement 

measurements i n d i c a t e  f a i r l y  good agreement wi th  t h e  t h e o r e t i c a l  

r e s u l t s  of Womersley and of Morgan and Kie ly ,  except  f o r  the t r a n -  

s i e n t  case i n  which t h e  mean p res su re  l e v e l  is changing w i t h  t i m e .  

F i n a l l y ,  
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Figure  4.- Exploded v i e w  of p r e s s u r e  chamber 
used i n  p r e s e n t  tes ts .  
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F i g u r e  5.- I n s t a l l a t i o n  of p r e s s u r e  probe t r a v e r s e  mechanism 
on p r e s s u r e  chamber mounting. 
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Figure 6 . -  Calibration r i g  for pressure probes. 
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